The electrochemical insertion-deinsertion of lithium into CuO electrode was examined by Cu Kedge X-ray absorption near edge structure (XANES) during the first electrochemical cycle. The XANES spectra in the Li x CuO (x: lithium content) system reveal that the initial insertion of lithium leads to the reduction of the Cu 2+ in the pristine CuO to form the reduced nanosized Cu metal. In the successive deinsertion of lithium, the reduced Cu particles changed partially to the phase of Cu 2 O.
Introduction
Recently the formation and characterization of metal nanoclusters, which are formed by the electrochemical reaction of lithium with the metal oxide, has been intensively studied in a lithium/metal oxide cell. [1] [2] [3] However, the electrochemical behavior of the metal oxide is still not fully understood. The discharge (insertion) reaction can be described as a formal displacement reaction: 2Li + MO → Li 2 O + M, where MO is the metal oxides such as CuO, CoO, and MnO 2 . Among them, CuO has drawn great attention due to the high theoretical capacity (0.67 Ah/g and 4.26 Ah/cm 3 ) . Its large capacity leads that Li/CuO primary cells were produced on an industrial scale, and many discharge reaction mechanism have been proposed since. [3] [4] [5] [6] [7] [8] Based on these characterization results, Ikeda and Narukawa reported that discharge reaction proceeds according to the following reaction: CuO + 2Li → Cu + Li 2 O. 5 In contrast, Matsuda et al. suggested CuO to be reduced stepwise: CuO → Cu 2 O → Cu. 6 Bates and Jumel claimed that the discharge mechanism first involve the insertion of lithium into CuO lattice and then forms both Cu 2 O and Li 2 O. 7 Novak suggested the electrochemical insertion of the lithium into the CuO according to the following reaction: CuO + xe -+ xLi + → Li x CuO (0 < x < 2). 8 It is expected that the insertion-deinsertion reaction of lithium into the CuO electrode induces local structural and electronic perturbations of the materials, which can affect the oxidation state of the copper ion. X-ray absorption near edge structure (XANES) is known to provide valuable information about the local structural parameters such as the oxidation state of the chemical species, site symmetry, and covalent bond *Author to whom correspondence should be addressed Tel: +82-54-279-2106, Fax: +82-54-279-3399, E-mail: sbkim@postech.edu strength of X-ray absorbing atoms. 9 For these reasons, X-ray absorption spectroscopy has recently begun to be used as an ideal tool in the investigation of the electronic and structural properties of metal oxides in the materials science. The objective of the present study is to elucidate the mechanism of the lithium reaction with CuO from the viewpoint of the local geometric and electronic structures of Cu atoms. To achieve this objective, systems of formula Li x CuO, where x is the lithium content, were analyzed by means of XANES during the first cycle. We found that lithium insertion is accompanied by the formation of metallic Cu nanoclusters, which are partially oxidized to Cu 2 O after the first cycle.
Experimental
Electrochemical experiments. Electrochemical behavior of CuO was investigated in lithium cells. Slurries were prepared that consisted of 80 wt% CuO powder (Aldrich, 99%), 10 wt% acetylene black, and 10 wt% polyvinylidene fluoride (PVdF) dissolved in 1-methyl-2-pyrrolidinone. Electrodes were made by coating the slurry onto an aluminum foil substrate. Test cells were fabricated with these electrodes, metallic Li anodes, and polypropylene separators (Celgard 2400) in a glove box filled with Ar gas. 1.0 M solution of LiPF 6 in ethylene carbonate-diethyl carbonate (1:1 by volume) was used as the electrolyte. Cell performance was evaluated by galvanostatically discharging and charging the cell at a constant current density of 0.5 mA/cm 2 in the voltage range 0.1 -3.2 V at room temperature with a WBCS 3000 battery tester system (Won A Tech Corp, Korea). The lithium content (x) is calculated from the amount of electricity that has passed through the electrode.
XANES measurements. Cu K-edge X-ray absorption spectra were recorded using the BL3C1 beam line at the Pohang Light Source (PLS) with a ring current of 120170 mA at 2.5 GeV. A Si(111) monochromator crystal was used with detuning to 85% in intensity to eliminate high-order harmonics. Data were collected in transmission mode using gas-filled ionization chambers (85% nitrogen, 15% argon) as detectors. Energy calibration was carried out for all measurements using Cu foil placed in front of the third ion chamber. The XANES data analysis was carried out using the standard procedure. 
Results and Discussion
Normalized Cu K-edge XANES spectra of the Li x CuO system in the first cycle are shown in Figure 1 with some reference materials. Because the XANES spectra are very sensitive to the electronic structure of the X-ray absorbing atom, XANES spectra can be used for identifying chemical species. The first absorption peak on the absorption edge of pristine CuO at ~8985 eV and pure Cu foil at ~8980 eV is the 1s-4p+ shakedown transition which arises from a strong ligand to metal charge transfer induced by core-hole creation. 10 The absorption peak at ~8982 eV appearing in pristine Cu 2 O, is regarded as characteristic of a two-fold linear coordination for the absorbing Cu atom. 11 The main peak around the 8992 eV is due to the electric dipole-allowed transition of a 1s core electron to an unoccupied 4p bound state that appears in all Cu compounds. In comparison to the pristine CuO, the XANES spectra for the electrochemical insertion of lithium change significantly and the shift of Cu K-edge energy occurs with the increase of the x value. The main features observed at lithiated CuO electrodes show a greater resemblance to the feature of Cu foil than that of pristine Cu 2 O. This indicates that the electrochemical insertion of lithium leads to the reduced Cu 0 state, and consequently the gradual formation of Cu clusters. However, even at the highest insertion of lithium (x = 2.24) its spectral feature is not exactly that of the reference spectrum of Cu foil. This difference can be explained by previous reports. 1, 3 Recently, our group reported the comparison of the XANES spectra between bulk Co metal and nanosized Co powder (approximately 7 nm). 1 The XANES spectrum of the bulk Co metal showed a more intense feature than that of the nanosized Co powder due to the size effect. As the particle size decreases, the surface-to-volume ratio increases with a consequent increase in the fraction of Co atoms in distorted environments at the surface. Tarascon et al. have suggested that the insertion of lithium into copper oxides (Cu 2 O and CuO) leads the formation of Cu nanograins dispersed in the Li 2 O matrix by using transmission electron microscopy (TEM) and X-ray diffraction (XRD) results. 3 In the present study, therefore, the difference between the spectra of the fully lithiated Li x CuO and the pure reference Cu foil can be attributed to the structural difference between the pure Cu in the reference foil and the Cu in the nanoscale clusters in the Li 2 O phase, the spectral feature of which is modified by the surface effect between the Cu cluster and Li 2 O phase. In the deinsertion process, the main spectral feature of lithiated electrodes at x = 2.15 and 2.02 show no noticeable variation compared with those of pure Cu foil. However, the Cu K-edge energy of Li x CuO (x = 1.74) obtained during the 3.2 V charging step shifts to the vicinity of the pristine Cu 2 O. This result indicates that the following charging process converts Cu nanograins into Cu 2 O. The further study strengthens the following conclusion: the linear combination fitting was performed on the lithiated electrode (x = 1.74) using reference spectra of Cu foil and Cu 2 O (Figure is not shown) . An excellent fit could be obtained for a lithiated electrode containing 43.5% Cu 2 O and 56.5% Cu. The XANES results suggest that CuO is fully reduced to the Cu nanocluster and that the resulting metallic copper does partially reoxidized to Cu 2 O and not to CuO during the first insertion-deinsertion process.
Conclusion
The reduction mechanism of the CuO/Li cell was investigated using Cu K-edge Xray absorption spectroscopy. The XANES spectra show marked variations over the first electrochemical cycle. The initial insertion of lithium leads to the reduction of the Cu 2+ in the pristine CuO to form the reduced metallic Cu nanoclusters. The nanosized Cu evolves gradually with a well-separated distribution in the Li 2 O matrix. In the successive deinsertions of lithium, the reduced Cu nanoparticles change partially to Cu 2 O particles. The nature of the formation of Cu 2 O will be the subject of further studies. The results suggest that X-ray absorption spectroscopy is a valuable tool in the study of nanoparticles in the material science.
